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® Metiiod and device to measure motion errors of NO machine tools. 



® Telescopic movements AR of motion en-ors of 
NC machine tools, using an axlaliy telescopic bar 
which has rotary joints at both ends and a built-in 
scale are measured. One end of the bar is mounted 
on the spindle of the NC machine tool, the other end 
on the machine table. One end of the bar takes a 
; circular motion relative to the center of the rotary 
•joint of the other end. The telescopic movement AR 
■at each rotational angle is memorized and recorded. 
jOrgins of the errors are defined referring the test 
result to prepared trace patterns of typical origins of 
00 errors. 
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Method and device to measure motion errors of NC machine tools. 



Applications : 

The present invention relates to means to mea- 
sure the motion errors of NC machine tools ac- 
curately and conveniently by detecting the out-of- 
roundness errors of a circular interpolation motion 
of NC machine tools having two or more orthogonal 
axes, and to define the origins of motion errors 
from the obtained polar plots. 



Background of the invention : 

A conventional method to measure motion er- 
rors of NC machine tools requires to actually ma- 
chine a plate on the machine tool with a circular 
interpolation program, and the out-of-roundness er- 
rors of the machined plate Is measured with an 
available means such as the out-of-roundness mea- 
suring machine, as specified in JIS-B6336. As 
aforementioned, this method requires two separate 
operations, machining and measuring, and takes a 
lot of time also. Besides, the data obtained by this 
method is not accurate enough for anaiizing the 
test results to define the origins of the en'ors of the 
machine tool, because the sensitlblty of the method 
is affected by the diameter of the cutting tool to 
machine a plate, as well as by the ability of avail- 
able out-of-roundness measuring machine which 
are unable to make quick responce and the fine 
movements of actual motions are not precisely 
detected, in addition to that, the measuring range 
of this method is restricted by the measuring range 
of the out-of-roundness measuring machine Itself. 
And. the maximum diameter of the circular plate is 
about 400mm even for a big machine tool having 
wide working area, since the capacity of out-of- 
roundness measuring machines now available is 
about 400mm in diameter. 

Covering up such defects, this Invention pro- 
vides a new method to measure motion enrors of 
NC machine tools and define the origins of the 
detected errors, by which NC machine tools can be 
assembled and adjusted in a shorter period of time, 
as well as the cost of developing a new machine 
tool is lowered, since geometric errors can be 
found more easily than before, and modifications 
can be made at an eariier stage in developing new 
machines. 



Detailed description of a preferred embodiment : 

Rg.1 shows measuring members of the mea- 
suring device embodying the Invention. Steei balls 

5 (6) and (7) are mounted on the both ends of a bar 
(3) which has an axial telescopic mechanism (12) in 
It The steei ball (6) constitutes a rotary joint (4) 
coupled with a spherical socket (8) and a perma- 
nent magnet (10) In the spherical socket (8). The 

10 magnetic circuit of the permanent magnet (10) 
forms a closed loop through the spherical socket 
(8) and the steel ball (6). And, the steel ball (6) is 
rotatablly maintained In the spherical socket (8) 
when an appropriate gap Is left between the per- 

75 manent magnet (10) and the steel ball (6). The 
other steel ball (7) also constitutes a rotary joint (5). 
The telescopic mechanism (12) is so adjusted to 
allow the said bar to expand or contract in axial 
direction only, leaving the smallest possible play in 

20 rateral direction. The axial telescopic movement is 
detected by a displacement detector (13). which 
sends the signal through an output cable (14) to 
data processing members. One of well-known de- 
vices, such as the moire scale and the differencial 

25 transducer is employed as said displacement de- 
tector. 

Hereunder, and example of measuring proce- 
dures are descrived taking the case of motion en'or 
measurements of XY axis table of a vertical type 

30 NC milling machine. The rotary joint (4) is mounted 
on the machine spindle (2) utilizing a chuck (16). 
The other rotary joint (5) is mounted on the ma- 
chine table (1) utilizing a fixture (15) at the same 
level as the rotary joint (4) appait from the steel 

35 ball (6) by RO which represents a normal distance 
between centers of the steel balls (5) and (6), 
leaving adequate allowance for the two-way axial 
movements of the telescopic mechanism. Then, 
the machine Is run by a pre-set program so that 

40 the XY table will take a circular interpolation motion 
around the center of the steel ball (6) with the 
radius of RO. The machine spindle is not rotated at 
that time. 

If both the motion en'or of the machine table 
45 and the interpolation error of the NC is zero, the 
bar (3) will rotate around the steel bail (6) with the 
radius of RO. If and when the motion of the XY 
table Is not accurate, it is not able to make correct 
circular motion, and the value of RO changes by 
50 AR. The displacement AR is detected by the dis- 
placement detector (13), and the signal Is sent to 
the data processing members through the output 
cable (14). where the signal is analized. 
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The hardware of said data processing mem- 
bers Is shown In Rg.2. A series of tests have been 
carried out employing a molr6 scale as the detec- 
tor (13), and the detected signals are digitized and 
are sent to a microcomputer (19) through an inter- 
face unit (18). The obtained data are processed 
chiefly by said microcomputer (19) which Is ac- 
companied by a CRT display (20), a floppy disc 
memory (21), a key board (22) and a XY plotter 
(23). 

Flg.3 shows a flow chart of data handling pro- 
cess. The signals sent from the detector (13) are 
digitized by an up-down counter (17). At that time, 
the normal distance between the two steel balls. 
RO, shown at the begining of the test is deleted, 
and only displacements from RO are counted. The 
interface (18) is so adjusted that the output signals 
from the counter (17) are sent to the computer 
intermittently with a certain degree of rotational 
angle, every 0.1 degree for example. Though ac- 
curate signals of the rotational angle would be 
tai<en from the controller of the machine tool, It 
requires troublesome procedures to do so. On the 
other hand. NC machine tools on the market em- 
ploy precise equiangular speed motion to take cir- 
cular Interpolation motion. And, In case of a sam- 
pling rate of 0.1 degree or so. It is practically 
accurate enough to make sampling at intervals of a 
certain period of time corresponding to the rota- 
tional angle. The read data are stored in the data 
memory (19) and are transferred into the polar 
coordinate system to make poiar plots. The trans- 
ferred data are shown on the CRT display (20) right 
away. All data obtained by one full turn of test are 
stored in the memory, and the deviations and er- 
rors in proportion to the datum circle are displayed, 
Such tests are carried out in one each clockwise 
and counter-clockwise turn to obtain bi-directional 
polar plots, and the motion errors of the machine 
tool are evaluated in total in regard to the below- 
mentioned items in each XY, Y2 and 2X plane : 

1. Out-of-roundness errors in clockwise and 
counter-clockwise circular motions. 

2. Uni-directlonal repeatability errors. 

3. Bi-directional repeatability errors. 

4. Higher harmonic components. After such 
total evaluation, characteristics of the measured 
errors are extracted, taking the following Items into 
consideration : 

1. Whether the trace is symmetrical about 
orthogonal axes. 

2. Inclination of the axes. 

3. Ellipticity. 

4. Height difference and inregularity. 

5. Influence of the rotational direction. 



Typical patterns of traces are shown in Fig.4. 
5, 6 and 7. These typical characteristic pattems of 
error origins are stored in the data bank (24). Fig.4 
represents the characteristic pattern for the ex- 
5 tended X axis scale, Fig.5 for periodical en^^rs of 
the feed mechanism of X axis, Rg.6 for the square- 
ness en'or between X and Y axes, Flg.7 for the X 
axis guide way warped up in Z axis direction at its 
both ends. 

10 Refen'ing the characteristics of the obtained 
circular trace to such data, the originas of motion 
enters of the measured machine tool are defined. 
The following are typical error origins of NC ma- 
chine tool : 

75 

Geometric error ; 

1. Straightness error of guide way. 
20 2. Squareness error between two axes. 

3. Angular motion of the slider. 



Potential en^or of feed mechanism : 

25 

4. Uniform error of the positioning scale. 

5. Back-rush of feed drive mechansim. 

6. Pitch error of the ball screw. 

7. Indexing enror of the positioning scale. 

30 

Kinetic error of feed mechanism : 

8. Positioning error caused by overrun. 
35 9. Stick motion and stick slip. 

10. Error caused by vibration. 

11. Lost motion. 

12. Mismatching of position loop gain. 

In most of actual cases, these error origins are 

40 found mixed instead of individually. And, the cir- 
cular traces obtained by means of this invention 
also usually show mixed characteristics of several 
error origins. 

The following are descriptions of traces ob- 

45 tained by actual measurements. In Fig.8. the value 
of AR suddenly changes at each point of Xi, Xi. Yi, 
and Y2, At such points, the direction of the move- 
ment of the XY table is reversed. The errors are 
apparently originated from lost motion caused by 

60 the table drive mechanism of the machine. The 
trace of Fig.9 Is deviated elliptically. and Is inclined 
against two axes, which suggests the squareness 
error between X and Y axes. After the error compo- 
nents of the lost motion and the higher hannnonic 

55 vibration are eliminated, the ellipticity of the trace is 
8um. And, the squareness error between two axes 
is 8am per 200mm since the length RO of the bar 
employed in said test was 200mm. 
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Rg.lO shows that Y axis has the straightness 
error in X axis direction. 

In the aforementioned examples, tests have 
been carried out mainly In XY plane fixing the Z 
axis. In actual measurements, however, circular 
motion errors are measured in ZX plane fixing Y 
axis, and In YZ plane fixing X axis also, and three 
dimensional motion en^ors are diagnosed utilizing 
such data obtained from different planes, to define 
the error origins. 

The length RO of the bar can be adjusted as 
required, by changing the extention (25) of Rg.1. 
And. the whole working area of the large NC ma- 
chine tool can be measured as accurately as the 
small machine tool. This method Is applicable to 
the horizontal type machine tool also. In the afore- 
mentioned test examples, the rotary joints rotatable 
in any direction were used. However, the purpose 
of this Invention can be accomplished by employ- 
ing rotary bearings at the botli ends of the bar (3) 
instead of said Joints as shown in Fig.11-(26). 



Effects of the Invention : 

As descrived with samples in the above, mo- 
tion enrors of NC machine tools can be diagnosed 
accurately, conveniently and in a short period of 
time, extracting characteristic patterns from motion 
en'or traces obtained by means embodying this 
invention, with calculating process, if necessary. In 
addition, the error origins are indicated with figures. 
The method of the Invention is superior to the prior 
art in this point, too. The invention will bring about 
not only rationalization of adjustment and inspec- 
tion in manufacturing NC machine tools, but also 
improvement in accuracy of newly produced ma- 
chine tools. 



4. Brief description of the accompanying drawings. 

Fig.1 : Measuring mechanism embodying 
the invention. 

Fig.2 : Descriptions of data processing mem- 
bers. 

Rg.3 : Row chart showing data handling 
process. 

Rg.4 - 7 : Typical patterns of various error 
origins. 

Rg. 8 - 10 : Actual motion en-or traces 
obtained by means embodying this invention. 

Rg.l 1 : Description of a substitutional rotary 

joint. 



Claims 

1) Means to measure motion errors of NC 
machine tools, using an axially telescopic bar 

6 which has rotary joints at the both ends and a built- 
in scale to measure its telescopic movementsAR. 
One end of the bar Is mounted on the spindle of 
the NC machine tool, and the other end on the 
machine table. The machine tool is numerically 

70 controlled so that the one end of the bar takes a 
circular interpolation motion relative to the center of 
the rotary joint of the other end in any of the 
working planes of the machine. Then, the tele- 
scopic movement AR at each rotational angle is 

15 memorized and recorded to evaluate and analyse 
motion errors of the NC machine tool chemcing the 
pattern and amount of deviation in relate to the 
datum circle. And, the origins of the errors are 
defined dreferring the test result to the prepared 

20 trace patterns of typical origins of errors. 

2) Means to measure motion errors of NC 
machine tools of claim (1), wherein sampling is 
made periodically at intervals of certain period of 
time instead of measuring the rotational angles. 

25 3) Means to measure motion errors of NC 
machine tools consisting of a telescopic bar having 
a rotary joint on one end which Is mounted on the 
machine spindle, another rotary joint on the other 
end which Is mounted on the machine table, and a 

30 built-in transducer which detects the telescopic 
movements AR of the bar and sends signals, a 
device to memorize value of AR at each rotational 
angle of the circular interpolation motion of the 
machine tool and plot It on the polar coordinates, a 

35 device to record value of AR on the polar coordi- 
nates, and means to detect how the curve obtained 
in the circular Interpolation motion deviates from Its 
datum circle to extract distinctive characteristics 
from the detected curve comparing them with the 

40 data of typical orgins for motion en'ors. and to 
define and display the origins for the motion enrors. 

4) Means to measure motion errors of NC 
machine tools of claim (3), wherein the rotary joint 
consists of a steel ball fixed on the bar, a spherical 

45 socket and a magnet to attract the steel bail. 

5) Means to measure motion errors of NC 
machine tools of claim (3), wherein the rotary joint 
consists of a rotary bearing. 

so 
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